The swelling of the low density polyethylene in organic liquids (cyclohexane and benzene) was studied. The area of swelling was measured as a function of temperature and time. The experimental data were used for calculating the diffusion coefficients and the activation energies of this process.
Introduction
The diffusion of penetrants through polymers is a subject of longstanding interest, both from a practical as well as theoretical point of view. A lot of papers deal with the importance of small molecules migration in polymeric materials in industrial, medical, or biological applications, as membrane separations, controlled drug delivery, control of polymerization, production of barrier materials for the packaging industry etc. In all these applications, polymers are exposed to a variety of liquids. Investigation of their transport characteristics is therefore important for the understanding of interactions between liquid and the membrane material.
Contrary to inert gases, which diffuse through polymeric materials with weak interactions, the transport of organic liquids and their vapors through membranes causes polymers to swell. The extent of swelling, similarly to other transport characteristics, is influenced by the shape and size of solvent molecules, structure of polymers (e.g. degree of crosslinking), the physical and chemical properties, both, polymer and solvent, and by temperature [1] .
The rate of molecules penetrating the polymer membrane is characterized by diffusion coefficient. There is variety of techniques for determining the diffusion coefficients of a penetrant into a polymer matrix. These include sorption, permeation, light scattering, radioactive tracing, forced Rayleigh scattering, and nuclear magnetic resonance [2, 3, 4] . This work proposes to evaluate the diffusion coefficient from optical monitoring of the areal swelling of flat polymer membrane immersed into a liquid by taking photographs using a digital camera -approach which is not commonly used.
The first and the second Fick's laws of diffusion adequately describe most diffusion processes. Their application to specific geometries has been derived by Crank [5] for mole (mass) uptake including equation describing diffusion into a planar sheet, which has been often applied by many authors (e.g. [1, [6] [7] [8] [9] [10] [11] [12] ).
In this work, the original Crank´s equation has been modified to the following form: 
where denotes the area of the swollen membrane and 0 the area of the dry membrane.
This article presents the diffusion coefficients evaluated from kinetics of area of swelling measurement for benzene and cyclohexane in a typical commercial low density polyethylene (LDPE) and their comparison with literature experimental data obtained by the different methods.
Results and discussion
The experimental data on the time dependence of percentage area of swelling at all three temperatures are displayed in Fig. 1 together with the curves obtained by regression of experimental data. The plateau regions give the equilibrium maximum Z-values. The values of maximal area of swelling, as well as the time in which the equilibrium is reached, increase with increasing temperature in both cases. As can be seen from Table 1 , the Z m values for cyclohexane are slightly higher than those for benzene at all three temperatures.
The diffusion coefficients for both systems were obtained by fitting the experimental results to equation (1) using the Microsoft Excel Solver. The average difference between the experimental and calculated values of Z is 0.26 for benzene and 0.45 for cyclohexane. Table 1 summarizes the values of the determined diffusion coefficients together with the experimental values of the maximal area of swelling. It is evident that the diffusion coefficients of benzene are higher than those of cyclohexane at all temperatures.
It can be seen that the rate of diffusion increases with rising temperature, indicating that the diffusion process is temperature activated. Therefore the data on diffusion coefficients have been treated by the Arrhenius type expression 
Here, E D is the activation energy of diffusion, i.e. the energy required to create an opening between polymer chains large enough to allow the penetrant molecule to pass [12, 13] , D 0 is a pre-exponential factor, and RT has the usual conventional meaning. The linearity of the Arrhenius diffusion plots shown in Fig. 2 suggests that the activation energies for diffusion are constant over the investigated range of temperatures. The Arrhenius quantities obtained from the linear relations ln D a vs. 1/T are compiled in Table 2 . It is not easy to compare the values for D a with previous values reported in the literature not only because the data concerning the diffusion of benzene and cyclohexane into polyethylene found in literature are scarce and rather scattered, but also because none of them were gained by the same technique as our data.
A technique to some extent similar to our one was used by Suárez et al. [20] but for isotropic poly(N-isopropylacrylamide) minigels. Diffusion coefficients calculated from the temperature dependence (Eq. (3)), using the activation parameters given in Table 2 , are compared with the data found in literature in Table 3 . It can be seen that diffusion coefficients are of the same order as the literature values acquired from different methods.
Fig. 2.
Arrhenius plots for LDPE membrane in benzene and in cyclohexane.
Tab. 2. Activation parameters.
cyclohexane benzene McCall [17] desorption method D a -areal diffusion coefficient from this work D -diffusion coefficient determined by cited authors
Conclusions
The area of swelling was measured in systems LDPE+cyclohexane and LDPE+benzene at 10, 15 and 25 °C. The diffusion coefficients were calculated by the fitting, the ln D a was plotted as the function of reciprocal temperature and the activation Arrhenius parameters were estimated. The proposed method represents a useful screening test for studying the transport of liquids in polymer membranes. It is not complicated and the resulting diffusion coefficients are in reasonable agreement with the literature values.
Experimental part

Materials
Polyethylene: High-pressure low-density polyethylene (LDPE) BRALEN FB 2-30 (Slovnaft, Bratislava) in the form of foil (thickness 0.046 mm -measured by an Inductive Dial Indicator, Mahr, Germany) was used. Its density, ( = 0.940 g cm -3 ), was determined by weighing of the sample of known area and thickness. Prior to experiments, the foil was washed with distilled water, dried in the drying box for 20 hours at 60 C and then kept in a vacuum desiccator.
Cyclohexane and benzene were p.a. purity grade products of Sigma-Aldrich.
Measurements
The measurements were performed at three temperatures (10, 15 and 25 °C). The percentage relative expansions of the square membrane samples cut off in parallel with the edges of a sheet supplied by manufacturer (in the drawing direction, and in the perpendicular direction) were measured in situ by the optical method, described in our previous papers [21] [22] [23] . Value of 0.6 in the percentage relative longitudinal expansion was determined to be the experimental error of the optical method. The area of swelling was determined from the dimensional changes as the percentage increase in the area of the plane foil, relative to the area of the dry membrane (eq. (2)). The measurement of the time dependence of the area of swelling was several times repeated. An example of the limits of experimental errors is demonstrated in the system LDPE + cyclohexane at 25 °C in Fig. 3 . The average values (in Fig. 3 denoted by full points) were then taken as the basis for the evaluation of the diffusion coefficients. 
